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ABSTRACT 
The methane storage capacity of dry and wetted activated carbon is evaluated at 
1°C in the pressure range [1-8MPa]. The experiments emphasize the complex 
influence of the water content. The presence of water decreases the storage 
kinetics. It decreases also the storage capacity excepted in a domain of water 
concentration which has not been evaluated precisely but which is located in the 
range 30-80 % mass of water 
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INTRODUCTION. 
 
With the massive increase of the urban 
traffic, coupled with its large contribution to 
the local pollution in the city centres, natural 
gas appears to be a favourable alternative to 
gasoline and diesel. In fact, among the different 
fuel elements, the methane shows the best ratio 
H/C which allows to reduce the CO2 emissions. 
More, it is a clean fuel with specially low  
emissions of CO, NOx and particles. As the 
natural gas resources are enormous, it 
represents a good alternative to oil in term of 
energetic independence. 
The improvement of the natural gas 
onboard storage is one of the major parameters 
to develop this energy. Currently, the natural 
gas could be stored mainly as compressed gas 
in pressurised tanks at very high pressure of 20 
MPa which can set the engineers a problem of 
security. It can also be liquefied  at -162°C but 
then requires a cryogenic tank which can hardly  
be envisaged for onboard applications. The last 
solution is to store by adsorption on activated 
carbon for example [1].  
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The storage capacity of the adsorption 
technology reaches 100 to 140(n)m3/m3 at 3.5 
MPa. This value is lower than that obtained in 
the compressed gas technology which storage 
capacity is 200 (n)m3/m3  but at a higher 
pressure of 20 MPa. The storage pressure of the 
sorption technology is only 3.5 MPa and 
presents two main advantages : first, it limits 
the compression work for the tank filling up 
and allows to connect directly to the existing 
natural gas distribution network. Secondly, at 
low pressure, the tank geometry can adopt 
various shapes in order to adjust it to the 
vehicle body (polymorphous tanks). 
The interest of the adsorption stays 
only if performances are sufficiently good, i.e. 
if the available natural gas volume is sufficient 
and compatible with the city runs. This article 
deals with a concept that aims to increase the 
adsorption capacity by coupling it to a gas 
hydrate formation. In fact, the gas hydrate 
formation in the remaining free porosity after 
classical physi-sorption of natural gas on 
activated carbon should permit to increase the 
storage capacity [2].  
 
METHANE HYDRATE 
For pure methane, only the SI structure 
is stable. The lattice parameter is 1.203 nm. It 
is composed of 46 water molecules arranged to 
form a network of two cavities 512 and six 
cavities 51262. As a result, if all the cavities are 
occupied by a methane molecule, the 
theoretical formula of methane hydrate is 
CH4(H2O)5.75. In the reality, not all the cavities 
are filled and the methane storage in the 
hydrate structure is around 170 (n)m3/m3.  
Table 1 shows the equilibrium curve of 
methane hydrate. 
 
T [°C] 0 1 2 4 6 8 10 12 
P [MPa] 2.6 2.9 3.2 3.9 4.8 5.9 7.4 9.2 
Table 1. Methane hydrate equilibrium curve 
 
 (For a more complete description of the 
hydrate structure and of the thermodynamics, 
please refer to Sloan [3]) 
  
LITTERATURE STUDY 
In the purpose to form these 
compounds to complete the classical adsorption 
of natural gas on activated carbon, it is strictly 
compulsory to previously wet the porous 
media. But, the pre-adsorption of water on 
activated carbon is known to be a disadvantage 
because the presence of water generally limits 
the methane adsorption capacities. The idea of 
making hydrates in the porosity to enhance the 
storage capacity has been firstly attempted by 
Kaneko [4]. He showed a considerable 
improvement of the methane storage capacity 
of wetted activated carbon. He assigned this 
behaviour to the complementary methane 
hydrate formation. His experimental results has 
to be considered carefully because the 
experimental conditions which was applied 
(low pressure, ambient temperature) are very 
far from the classical conditions at which the 
methane hydrates could form in bulk conditions 
(see table 1). The concept was then tested and 
confirmed by Miyawaki [5] but the real 
experimental proof was published by Zhou 
[6,7]. He presents the influence of water on the 
storage of methane at pressures from 0.1 to 10 
MPa and temperatures from 0 to 8°C. At 
pressure lower than 4 MPa, Zhou [6] observed 
a classical result : the presence of water 
decreases the storage capacities. But for 
sufficient water quantities and higher pressures, 
he observed an inversion of the tendency : the 
higher the water content, the higher the storage 
capacity. 
 In this article we give additional proofs 
showing the influence of water at low and high 
pressure. We give experimental evidences of 
the existence of methane hydrates in the 
activated carbon porosity and that their 
formation allows to increase the methane 
storage capacity in comparison to pure 
adsorption on dry activated carbon in the same 
conditions of pressure and temperature. We 
also show that (P,T) conditions of methane 
storage and release by adsorption associated to 
the hydrate formation are influenced by the 
pore size distribution of the activated carbon. 
We show that the quantity of water pre-sorbed 
at the carbon surface is a crucial parameter on 
the storage capacity. 
 
SAMPLE CHARACTERISATION 
 
 We present in this study results 
concerning two commercial activated carbons 
whose precursor is lingo-cellulose (They are 
denominated A and B). The porous texture 
characterisation was obtained by interpretation 
of physical sorption isotherms of nitrogen at 
77K. The mesopore and micropore size 
distribution has been determined respectively 
by the BJH method and the Brunauer method. 
This last method is based on the exploitation of 
the t diagram, and requires the construction of a 
particular law giving the t parameter as a 
function of ρ/ρ0. The t parameter is calculated 
from experiments on a non porous model 
sample exhibiting a similar surface chemistry. 
In this study, a black coal has been taken for 
reference.  
Table 2 shows the characterisation of activated 
carbon A and B.  
 
 
sample Mesoporous diameter (Å) 
Microporous 
diameter (Å) 
Surface t       
(m2/g) 
Mesoporous 
volume 
(cm3/g) 
A 35<   <45 < 8 1203 0.841 
B <150 <12 967 0.647 
Tableau 2.Activated carbon characteristics 
 
 
EXPERIMENTS 
 
Experimental device   
 The set up is composed of a pressurised 
tank and a ballast reference which operating 
pressure is up to 10 MPa. The pressurised tank 
is temperature controlled in the range [-25°C, 
+80°C] by mean of a cooling jacket. The 
ballast is directly located into the cooling bath 
of the thermostat. The pressurised tank is 
equipped with two sapphire windows (15 cm 
high, 1.5 cm wide) which allows us to look at 
the texture of the activated carbon during the 
methane hydrate crystallization. The total 
volume of the system is 2.6 litres (including 
ballast, pressurised tank and pipelines). A Pt 
100 temperature probe monitors the 
temperature in the activated carbon bed. 
 A Labview program saves continuously 
the pressure of the pressurised tank and of the 
ballast, and the temperature. 
 
 
Ballast 
Methane 
Reactor 
Thermostated 
zone 
 
 
Figure 1. experimental device 
 
 
Operating Protocol   
 Activated carbon samples are 
previously heated and dried during 24 hours in 
a furnace at 140°C under primary vacuum. 
Then they are weighed to determine the mass 
of the dry carbon. This mass is used to 
calculate the number of moles of methane 
stored by kg of carbon. 
 The wetting of the carbon is done by 
pouring directly the liquid water in the bed 
under manual mixing. The wetted carbon are 
then weighed before the adsorption study. The 
quantity of water poured in the activated carbon 
is given in weight percentage of the dry carbon 
mass. 
 The methane storage capacity is 
measured by a differential method. The ballast 
is first filled and its pressure is measured to 
determine the total number of methane 
contained inside. Then, the connecting valve 
between the ballast and the reactor is opened. 
The temperature increases in the carbon bed 
due to gas compression, gas adsorption and gas 
hydrate crystallisation. After a while, the 
temperature reaches its equilibrium value 
imposed by the cooling jacket and then the 
pressure is measured. The knowledge of the 
volume of the ballast and of the pressurised 
tank plus the determination of the final 
equilibrium pressure gives the total amount of 
methane which has been stored by the activated 
carbon. The term storing describes the gas 
adsorption and/or the gas hydrate 
crystallisation.  
 
 We studied pressure between 1 to 8 
MPa in order to construct the isotherm of 
methane sequestration. Temperature is 
maintained constant at a value of 1°C. The 
inverse procedure has been used to study the 
release of the activated carbon bed. The 
pressurised tank containing the activated 
carbon bed is emptied by filling back the 
ballast and the final equilibrium pressure is 
measured to calculate the total amount of 
methane which has been released. 
 
RESULTS AND DISCUSSIONS 
 
methane storage 
 Sorption isotherms (1°C) of the sample 
B is presented on figure 2 as a function of the 
pressure up to 6 MPa, and as a function of the 
%mass of the water which has been previously 
incorporated to the dry activated carbon (from 
0 to 32.6 %mass). The results are consistent with 
the literature [8] showing the negative impact 
of the water : the more the water quantity, the 
less the methane storage capacity. For sample 
A, this tendency has also been observed. 
Figure 2. Effect of water content on the storage 
of methane in activated carbon B at 1°C 
 
It is interesting to note that the dry carbons 
which have been tested can be compared to the 
sample NC58 tested by Perrin et al [13] from 
the point of view of the massic methane 
uptakes. Their work must be mentioned here 
because they evaluated the massic methane 
uptakes of 5 different activated carbon in the 
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same pressure than us. They compared their 
results with 50 % mass wetted samples. They 
observed that the methane uptake is 
dramatically decreased in the presence of 100 
% water mass. This is coherent with our results. 
 
 But, for higher pressures, and higher 
water concentration, the tendency is inversed. 
The isotherm curves present an inflection point 
and an sudden increase of the storage capacity. 
The figure 3 presents the storage capacity on 
sample B for pre-sorbed water quantities higher 
to 30%
 mass and pressures up to 8 MPa. At a 
water content of  32.6%
 mass, the storage 
isotherm presents an inflexion point at a 
pressure of 6-6.5 MPa but it is not enough to 
increase notably the storage capacity. This 
inflexion point is more sensitive for water 
content of 73%mass and appears at lower 
pressure of 3-3.5 MPa. The storage capacity 
reaches the performance of the dry activated 
carbon at a pressure of 6 MPa and higher. For 
higher concentration of  93%mass of water, the 
storage performances remains at a very low 
value. 
In first analysis, it appears that the methane 
storage capacity is very sensitive to the water 
content and that an optimum exists. The value 
ot the optimum has not been looked for 
Figure 3. Effect of water content on the storage 
of methane in activated carbon sample B at 1°C 
 
 
 This analysis is comforted by the 
experiments performed on sample A which 
exhibits the same behaviour (figure 4).  The 
sorption capacities according to the pressure 
and for different quantities of water present an 
maximum at water concentration of 71 %mass. 
More, in such a condition, the storage capacity 
of the wet carbon becomes higher than for the 
dry carbon for pressures higher than 6-6.5 MPa 
(increase of about 10% the storage capacity). 
 
 This increase can be attributed to the 
hydrate formation in the carbon sample for 
several reasons. First, the applied conditions 
(60 bar and 1°C) are favourable to the hydrate 
formation since the theoretical pressure of 
formation of methane hydrate in bulk condition 
at 1°C is 2.9 MPa. Secondly, the visual 
observation through reactor sapphire windows 
allows us the direct observation of the hydrate 
crystals at the surface of the activated carbon. 
Lastly, the sudden increase of the methane 
storage capacity is accompanied with a sudden 
increase of the temperature in the carbon bed. 
This behaviour is generally associated to the 
hydrates formation that is a exothermic 
crystallisation and that fixes methane. 
 
Figure 4. Effect of water content on the storage 
of methane in activated carbon sample A at 1°C 
 
6.2 Methane release   
 The final objective of the end user is 
not only the methane storage capacity but 
particularly the methane release capacity. In 
order to quantify the release capacity, the figure 
5 and 6 shows the isotherm of storage and 
release at a temperature of 1°C for samples A 
and B. (Here the classical term of adsorption 
and desorption are not appropriated because the 
adsorption is accompanied with an hydrate 
formation).  
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Figure 5. Hysteresis measurement for wet 
activated carbon sample A with 71%mass of 
presorbed water at  1°C 
 
 The depressurisation curve of methane 
hydrates formed in sample A, containing 71%
 
mass of water, shows that the hydrates 
dissociation begins to take place at a pressure 
4.5 MPa and finishes at a pressure of 3.2 MPa 
which is very close to the theoretical 
dissociation pressure of methane hydrate in 
bulk conditions (2.9 MPa at 1°C). This 
dissociation value has to be compared to the 
pressure at which the hydrates have crystallised 
in the same experiment, i.e. a pressure of 6-6.5 
MPa. So, the storage and release curves present 
an hysteresis which is very fruitful to analyse. 
In fact, after their formation at pressure higher 
than 6 MPa, it is possible to store methane 
hydrates at a pressure of 4 MPa for example. At 
this pressure, the storage capacity is 9.7 
mole/kg whereas it is 7.5 mole/kg for the dry 
activated carbon under the same conditions of 
pressure and temperature. It represents an 
increase of about 30% of the storage capacity. 
 
As we noted before, at 1°C, the 
pressure of formation of methane hydrate in 
bulk conditions is 2.9 MPa whereas it occurs in 
our experiment at a pressure of 6-6.5 MPa. This 
could be attributed in first analysis to a delay 
time in the nucleation of the solid phase. In 
fact, in other experiments performed in bulk 
conditions, many authors (see for example [9]) 
show that the methane hydrate formation in 
pure water in stirred tank reactor presents the 
same behaviour : the solution needs to be very 
supersaturated before the nucleation occurs. 
This behaviour is explained from a kinetic 
point of view by referring in first 
approximation to the simplified model of 
Volmer which expresses the nucleation rate J 
as a function of the supersaturation S=P/Peq : 
( )2lnSBAJ −=  
A and B are constants, P is the 
operating pressure, Peq is the equilibrium 
pressure. The nucleation rate becomes nil if the 
operating pressure tends to the equilibrium 
pressure and increase exponentially as the 
operating pressure increases. This implies that 
the question of metastability is a time 
dependent consideration. For example, in the 
work of Perrin et al [13] on same systems 
(activated carbon), it is observed hydrate 
formation at pressure immediately greater than 
the equilibrium pressure. The reason is they 
waited for longer time until hydrate appearance 
(several weeks in some cases). 
Such an induction delay imposed by 
the rate of nucleation is not observed for the 
dissociation which instantaneously occurs and 
always takes place at the equilibrium pressure. 
It is why the experimental procedures to 
determine the equilibrium curves are always 
based on the analysis of the dissociation curves. 
As a consequence, it allows us to determine 
precisely this equilibrium pressure from the 
analysis of the releasing curves. 
From the point of view of 
thermodynamic, the Gibbs-Thomson 
relationship allows to correlate the temperature 
shift to the size of the pore in which the hydrate 
crystallisation occurs : 
eondissociati
bulk
ondissociati rH
CosTT ∆=∆ ρ
θγ
 
bulkT  is temperature of dissociation in bulk 
conditions, γ   the surface energy between 
water and hydrate, ρ  the hydrate density, 
ondissociatiH∆   the enthalpy of hydrate 
dissociation, er   the radius of the pore and   
the contact angle between the solid phase and 
the pore. So, the temperature shift is directly 
inverse of the pore radius. 
 The sample A presents a beginning of 
the dissociation at pressure of 4.5 MPa which 
corresponds to an equilibrium temperature in 
bulk condition of 4-5 °C, and so a shift of 3-
4°C due to the porosity. The end of the 
dissociation occurs at 3.2 MPa which 
corresponds to an equilibrium temperature in 
bulk condition of 2°C and so a shift of 1°C. In 
conclusion, the porosity of the sample A 
introduces a shift of 1 to 3-4 °C on the 
equilibrium temperature in comparison to the 
bulk conditions. 
 The hysteresis of the sample B (figure 
6) is wider. The dissociation starts at a pressure 
which is not easy to measure but ends exactly 
at the pressure of 2.9 MPa corresponding to the 
bulk conditions. 
 The difference between the two 
samples could be explained by their pore size 
distribution. Sample A presents a mesoporosity 
in the range [3.5-4.5 nm] whereas the 
mesoporosity of the sample B is larger than 15 
nm. So, the final equilibrium shift 
(corresponding the final dissociation point at 
the lowest pressure) due to the mesoporosity is 
more important for the sample A than for 
sample B : the dissociation ends at a lower 
pressure on sample B than for sample A due to 
a larger mesoporosity. 
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Figure 6. Hysteresis measurement for wet 
activated carbon sample B with 73%mass of 
added water at  1°C 
 
 We can note that such a shift of the 
equilibrium temperature has been observed for 
hydrates on other micro-nano systems by 
Handa and Stupin [10] and  Uchida et al [11, 
12], and especially by Perrin el al [13] in 
activated carbon. 
 
6. CONCLUSIONS   
   
 In this study we showed experimentally 
that methane storage capacities on activated 
carbon could be increased if water is previously 
added in large quantity. At lower pressure 
down to 40 bars, this water decreases the 
methane storage capacity of the activated 
carbon. But for higher pressures, the isotherm 
storage curve presents an inflection point which 
indicates the formation of hydrate crystals. This 
crystallisation enhances the performance of the 
activated carbon from 10 to 30 %
 mass. This 
storage capacity is influence by the water 
concentration which presents an optimum. 
 The isotherm storage and release 
curves present an hysteresis. It is necessary to 
reach high pressure (6-7 MPa) to form hydrates 
but they can be then stored under a pressure of 
4 MPa without dissociating.  
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